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DESCRIPTION AND SCOPE OF AREA STUDIED 

The expansion and competitive position of general aviation in the field of 
transportation depends upon improving the safety and utility of light aircraft 
while reducing their cost. Toward this end, the Mission Analysis Division of 
NASA Is investigating various areas associated with the design of light air­
craft and has sponsored this study on structural materials and concepts. 

The primary objectives of the study were: 

(1) To make a comparative evaluation of a wide variety of materials and 
structural concepts, presently and potentially available for appli­
cation to light aircraft, by investigating the effect of design, 
manufacturing, operational, and material requirements on the cost of 
this class of aircraft. 

(2) To apply the more promising materials and structural concepts to the 
conceptual design of light aircraft. 

(3) To identify key problem areas where additional research may increase 
the potential of promising materials or concepts. 

Basic Assumptions and Methods of Approach 

In pursuing these objectives the contractor was to consider two levels of 
technology and two types of light aircraft, fixed and rotary wing. The levels 
of technology were classified as "near term," 5 years hence, and "far term," 
15 years hence. The conceptual designs were to meet the contract guidelines 
summarized in Table VI. 

The study was performed in two phases. Phase I was concerned with 
researching, correlating, and evaluating available information on (a) oper­
ational characteristics; (b) material properties; (c) structural concepts and 
capabilities; (d) manufacturing and cost considerations; as they apply to light 
four-place airplanes and helicopters. The intent of Phase II was to select the 
more promising structural materials and concepts and apply them to the two 
conceptual designs for the two levels of technology. However, upon completion 
of Phase I, the results indicated (a) that the economic gains associated with 
improved light aircraft structural design would be more significant for "far 
term" ai rcraft; (b) that light fixed wing and light hel icopters structures are 
similar; (c) the need for a more definitive analYSis of the fabrication ~ost of 
the selected materials and concepts. 

Thus, it was decided (with the agreement of NASA) to eliminate from con-
s i deraT i on· I n Phase II the "near term" a I rp I ane and he I i copter, and the "far 
term" he I I copter. Phase II concentrated on estab I ish i ng deta i led structura I 
design, cost, and fabrication analyses for those materials and concepts that 
showed the most promise of reducing labor hours and facilitating mass production 
as applied to the "far term" light airplane conceptual design. 

A major aim of the study was to identify key problem areas where additional 
research would increase the potential of the more promising materials and con­
cepts and lead to safer and more economical light aircraft. 



SIGNIFICANT RESULTS OF THE STUDY 

Evolution of the post WW II Light Aircraft Industry 

Safety.- 60% - 70S of al I accidents are Improv8ble, I.e. they have causes 
associated with design, m8terlal selection, configuration, etc., which C8n be 
affected by the designer. A very sm811 percentage (1%> of all accidents were/ 
are caused by structural failure. 

Uti I ization.- The contemporary single engine airplane is utilized at an 
average of 175 hours per year. A nation wide industry Survey indicated 7he 
fol lowing needs in future light airplane designs: 

Simplicity in design to reduce maintenance costs 
Improved safety features 
Improved flight characteristics 

Cost.- The prices of typical General Aviation aircrafts have shown the 
fol lowing trends in the last decade: 

Price of low-price aircraft is fairly constant to declining. 
Price of middle-price aircraft is fairly constant to rising. 
Price of high-price aircraft is generally rising. 

Performance.- In general, the aerodynamic efficiency of the typical 
General Aviation aircraft has increased very slightly during the last 20 years. 
Maximum speeds and landing speeds have increased gradually mostly as a result 
of increase in engine power and wing loading. 

Design Considerations 

Airplane Weight.- The structural weight of Typical General Aviation type 
aircraft is approximately 46% of the empty weight. 

Analysis of three different wings with the same area, but different plan­
form (I Rectangular, II Rectangular Inboard panel with tapered outboard panels, 
and III Tapered.) resu I ted in the lightest wing be I ng conf I gurat i on III 
Tapered. 

A study of weight trade-offs between wing area versus high lift devices to 
obtain a given stall speed resulted in the wing with double slotted flap as the 
lightest. 

The structural weight of typical General Aviation piston and turbine 
powered helicopters are approximately 50% of the empty weight. 

Crashworthiness.- During the course of this study, the subject of crash­
worthiness and its relation to aircraft design was considered on many occasions 
and from every possible view point. The results of an outstanding research 
program made by the FAA were published In a report entitled "Aircraft Design -
I nduced Pi lot Error". 
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Cost.- Operating cost: It cost approximately lS¢ per mile to operate a 
typical four-place airplane. (Based on 333 hrs/year uti Ilzatlon.). It cost 
approximately 55¢ per mile to operate a typical reciprocating engine powered 
light helicopter, and aOt per mi Ie for a turbine engine hel icopter (based on 
300 hr/yr utilization). When comparing retractable gear versus fixed gear 
airplanes operating costs, break even points could be as low as 170 hr/yr. 
At the present,turbo prop-powered light airplanes are far more expensive to 
operate than piston engine-powered. Break even points are non existent. 

Airframe cost: Reciprocating engine powered helicopters cost approximate~ 
$70.00 per pound of empty weight and th& average cost of a typical light air­
plane is $12.00 per pound of empty weight. 
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Airframe cost, representing several single engine I ight airplanes, Is 
sho~n in Figures 1 and 2 as a function of empty weight and maximum speed. For 
the study $7.00 per pound was used as a typical value for conventional aluminum 
ccnstructlon. During the study the worth of a pound saved was estimated for 
I ight airplanes. The results are shown in Figure 3. 
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The typical breakdown of a four-place single engine airplane as shown in 
Figure 4, indicates that airframe labor and raw material is only 12.5% of the 
consumer price. 
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Effect of mass production on cost.- The cost of labor involved In 
manufacturing ~ light airplane affects oth&r portlon& of the tot~1 price. The 
change in consumer price resulting from reduc+lons In alrfr~me fabric~tion 
labor is shown In Figure S and indicates that SO% reduction in labor wi I I reduce 
the consumer price by approximately 25%. As labor approaches zero, the result­
Ing consumer price approaches a I imit of 42%. Obviously, the 100% savings In 
labor can only be approached through automatiorl. 
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Performance.- Airplane: For the purpose of optimizing a configuration to 
meet the given set of guidel ines, this study was limited to the parameters 
which would be affected by structural materials and at the same time have a 
major influence on the performance. In the final analysis, the basic para­
meters to be optimized were reduced to wing loading, W/S; and power loading, 
W/P. 

A parametric study of factors affecting maximum speed Indicates that 
sensitivity to parameters such as wing area, aspect ratio, wing thickness ratic, 
extent of laminar boundary layer, gross weight, and fuselage frontal area ~re 
rather small when compared to the effect of retractable vs fixed gear or ~ 10~ 
change In power available. 

It should be noted that although the effect of delaying the boundary layer 
transition does not Justify a large expense to achieve abnormal surface smoth­
ness on conventional wings, it may be an important consideration for new 
materials such as plastics where an extremely smooth surface may be achieved at 
no extra manufacturing cost. 
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Potential Structural Materials.- Initial selection: Materials were first 
selected from the broad spectrum of the various types available. In the 
beginning, an effort was made to pick repr~sentatlve examples from each type, 
basing the selection on one or more of the fol lowing characteristics: 

(1) Accepted use in present-day aircraft constructIon 
(2) Low density 
(3) Low material cost 

Not always an important factor because faorlcatlon costs can be 
far more significant. 

(4) High stiffness 

Many areas of I ight aircraft and helicopter structures are 
designed for stiffness. This takes precedence over static 
strength requirements. 

(5) High strength 
(6) Weldabl Ilty, Brazabi Ilty, Bondability 

Inasmuch as present-day fabrication methods such as rlvetlny 
contribute cvnslderably to the overal I cost of the finished 
product, a number of potential materials lending themselves to 
welding, brazing, and or bonding were Included. 

(7) Minimum maintenance 
(8) Materials exhibiting good corrosion resistance to atmospheric 

environments were conslderod. 

In evaluating the Initial selection of materials, structural efficiencies 
were determined for comparison purposes. These structural efficiencies are: 

Ftu Tension = w 

.fE 
Column = ~ 

w 
Shear Buck I I ng 

3n-
=i w 

Each structu ra I eft I c I ency was al so d I v I ded by the mater lal cost ~'o ob­
tain additional comparisons. In the case of far-term materials (to be used 
15 years from now), the projected cost 15 years from now was used. 

Comparative structural efficiencies are presented In Tables I and II for 
those materials selected as promising candidates. 

Evaluation of promising candidate materials. -The promising candidates 
were compared on the basis of types of members and concepts. 

Compos I tes : An I sotrop I c compos I tes requ ~ re sc: .. '" cons I derat I on as to 
allowables versus fiber orientation. When these materials, in single-laminate 
configuration, are loaded at an angle to the direction of the fibers. their 
strength Is reduced considerably. The reduction In allowable Is a function of 
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TABLE II 
PROMISING CANDIDATE MATERIALS NON- MET ALL Ie 

CCM'AAATIVE STRuCTURAL EFFICIENCIES 

APPLI- WEATHER- MATERIAL THERMAL F F IT::'" IT::'" VT:' 'rr,:.-
MATERIAL CATION Ftu Fty Feu Fsu Ee e • ABILITY COST CO-EFF. :..t!!.... ~ ~ c __ c,~ 

-cD' ca/lOS • • I/LB • ;;-me • ,- .fL. 

a> KSI KSI KSI KSI..!U S L8/IN! S / L8 In/ln/oF 
10· 

NON-RE I NfORCED 
ABS (High Strength) NT-FT 7.3 - 10.4 - .180 20 .039 EXCEL 0.46 6.00 187 407 " 24 14 31 

NON-CONT I NUOUS FIBER RE I NFORCED 
mE-GlasS/Nyl0n67"i0 FT 20 - 18 11 1.0 5-6 .048 EXCEL 1.34 (0.65) 2.St') 418 (645) 21 (32) 21 (32) 
1" S-GIIISS/EpoMY FT 45 - 62 8 7.8 - .060 EXCEL 4.00 (2.00) - 750 (375) 46 (23) 33 (16) 
E-Glass/Polyester NT 20 - 26 - 1.99 - .070 EXCEL 0.63 1.20 286 4'4 20 32 15 29 

CLOTH RE I NfORCED 
DAP Prepreg NT-FT 49 CD - - - ~.6Cil - .070 CD EXCEL 3.15 11.581 - 700 (4461 23 (14) 20 (12) 
181 Cloth/E-Glass NT-FT 45 - 45 - 3.:r - .070 EXCEL 11.00) - 643 (643) 26 (26) 21 1211 
181 Cloth/S-Glass NT-FT 94 - 65 - 4.2 - .070 EXCEL (2.00) - 1340 (670) 29 (14) 23 (12) 

~REINFORCEO (~~) 

Unidirectional I 
Graphite FT 95.9 - 56.5 5.2 15.4 - .051 EXCEL (1.00) - 1870 (1810) 77 (77) 49 (49) 
S-Gless FT 210 - 120 13.6 7.6 - .073 EXCEL (2.00) - 2880 (1440) 38 (19) 27 (13) 

USc Layers (t-.016 In) 
Graphite I FT 5.8 - 31.624.8 2.1 - .051 EXCEL (1.00) - 114 (114) 28 (28) 25 (25) 
S-G I IISS FT 17.7 - 37.3 50.0 2.5 - .073 EXCEL (2.00) - 349 (174) 22 11" 19 (10) 

t450,OO Layers (t-.024 In) 

Graphite I FT 35.8 - 39.920.4 6.6 - .051 EXCEL (1.00) - 702 (702) 50 (50) 37 (37) 
S-Glass FT 81.8 - 64.939.5 4.2 - .013 EXCEL (2.00) - 1120 (560) 28 (14) 22 1111 

t450,OO,QO Layers (t·.032 In) 

Graphite I FT 150 •8 - 44.0 )7.8 8.8 - .051 EXCEL (1.00) - 1000 (1000) 58 (58) 41 (20) 
S-Glass FT 113.8 - 78.7 34.0 5.1 - .073 EXCEL (2.00) - 1560 (780) 31 115) 24 (12) 

:t45c ,OO,OO,OO Layers (t·.040 In) 
Graphite FT 59.8 - 46.5 15:9 10.2 - .051 EXCEL (1.00) - 1170 (1170) (,3 (63) 43 (43) 
S-Glass FT 133.1 - 86.9 30.5 5.6 - .073 EXCEL (2.00) - 1825 (912) 32 (76) 24 (12) 

WOOD rr;-- ~ 
Sitka Spruce NT 9.4 5.3 3.5 1.0 1.4 - .015 POOR 0.67 - 626 935 79 118 - -
Mahogany/Poplar Plywd NT 6.7 - 2.6 1.9 .9 - .020 POOR 2.05 - 335 167 48 23 48 23 
Spruce-Staypak NT 35.825.9 4.31.3 4.7 .75 .047 FAIR ® - 760 ® 46 G) - -

NOTES: CD ESTIMATEO a> ( ) = 1982 ESTIMATE (j) NT - NEAR TERM ® EXPERIMENTAL, NO PRICE AVAILABLE 
FT - FAR TERM 



the angle. For this reason, composite systems are normally found in various 
combinations of fiber-oriented layers. 

Strengthwise, fiber-to-resin proportion is another important relationship. 
A resin-rich composite is weakened by the influence of the lower strength matrix, 
while a resin-starved composite is unsatisfactcry because of insufficient bond­
ing between each fiber. In fi lament wound structures, 70 to 85 percent by 
volume is considered normal for fiber content. For fabric laminates, 70 percent 
by volume is considered normal. 

Tension members: The efficiency of tension members were compared using 
the fol lowing equation: 

P = F/w 

S-Glass/Epoxy, Graphite/Epoxy,fol lowed by 4340 (260 HT) Steel,are the most 
efficient candidates. 

Simple columns: Minimum weight round tube columns were plotted versus 
load intensity and column length. In general Graphite composites and Mg -
Yittrium - T5 are the most efficient materials whi Ie 1025 steel and Sitka sprLce 
are the least efficient. 

Compression structures: Probably the most detai led and extensive 
evaluation of structure occurs during the design of compression critical 
sections of the airframe. The section under compression is generally treated 
either as a wide column or a compression panel. The wide-column approach is 
used when the length of the panel is short compared to its width, as in a 
multi-rib wing box. A compression panel concept is assumed when the length of 
the panel is long compared to its width, as in a multi-spar wing box. 

The wide-column analysis Jssumes primary buckling between the ribs, which 
provide simple supports for loaded edges of the column. The following equation 
is a result of equating general and local instabi I ity formulas: 

Where: Nx = compressive load in pound/inch 

L = length of column in inches Nx = £ (t/U 2 n = plasticity reduction factor 
LTjE E = modulus of elasticity. psi 

t = cross-sectional area per unit width 
£ = efficiency factor, a function of 

buck I I ng coeff i c lent & shape factor 

The analysis of compression panels Is based upon al I edges of the panel 
being simply supported, while plate theory expressions for local and general 
stabi I ity are equated to obtain the fol lowing equation: 

N Where: b = width of plate 
b~E = £ (t/b)n n = an exponent which is a function of 

configuration 
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In the evaluation of wide-column and compression panel concepts, truss 
core sandwich, honeycomb sandwich, flat plate, and zee-stiffened plane con­
struction were considered for each case. 

Minimum area equations for optimized wide columns and compression 'panels 
of zee-stiffened plate, flat plate, and truss core sandwich construction are 
presented in Table III. 

TABLE III 

MINIMUM AREA EQUATIONS' FOR OPTIMIZED WIDE COLUMNS 
AND COMPRESSION PANELS 

TYPE OF CONSTRUCTION WIDE COLUMN COMPRESSION PANEL 

N N 
Zee-Stiffened Plate x 0.911 (t/U2 x = 1.030 (t!b)2'36 IT = bE 

N N 
Truss Core Sandwich x 0.605 (t/U 2 x 1.108 (t/b)2 

LE = bE = 

N N 
Flat (unstiffened) x 0.823 (tiU 3 x = 3.62 (Vb)3 

LE = bE Plate 

Shear panels: Wing, fuselage, and empennage skins on sma I I aircraft 
(including helicopters) are of I ight-gage construction. Loading intensities 
due to torsional shear are low level; therefore, the panels are normally 
designed for s~ear buckling at the 1 to 1.2 g level. This requirement is 
establ ished for appearance purposes since the panel itself has ample strength 
to carry the ultimate torsional shear flow as a tension field member. 

Materials for shear panel application were compared on a thickness basis. 
The curves were obtained through a substitution and division process of the 
shear buckling equation for flat plates. 

K E t 2 Where: T = shear stress at which panel 
Shear buckling: T = s c cr will buckle 

cr b2 shear buckling coefficient 

T cr 

N xy 

= N xy It, 

= q = torsional shear flow; 

Therefore: 

N It xy 

10 

= 
K E t 2 

S c N xy = 

K s 

b 
t 
E c 

= 

= 
= 
= 

dependent upon edge conditions 
around panel 
short side dimension of panel 
panel thickness 
compression modulus of elas­
ticity 



K E t 3 
Structural index N Ib = s c = K E (t/b}3 xy b3 s C 

3 
bE) 1/3 t/b ~ = (Nxy I 

Minimum weights versus structural Indexes for flat plate shear panel 
materials were derived by multiplying shear buckling equations, as modified for 
minimum thickness form, by material density, w: 

3 
wt/b Y'K = w (N I bE) 113 

s xy 

Where: W = panel weight 
a = long side of panel 

But: 

Therefore: 

W = wabt , w = W/abt 

3 
W/b a = .. '7= s 

weN IbE}Ii3 
xy 

Compression flanges: In reviewing condldate materials for use as com­
pression flanges on spars and simi lar bending members, the fol lowing structural 
index wi I I be applied to represent crippl ing efficiency: 

S = tlF cyEc 
w 

This relationship is in general agreement with Needham's equation for 
crippling which assumes b/t,flange width to thickness ratio, to remain constant. 

Installation costs: In determining the feasibi lity of various ~tructural 
material concepts, the total cost of the installation must be compared against 
the dollar's worth value of a pound of material saved. The installation cost 
includes material cost plus fabrication cost. In order to justify a materiall 
concept change, one of the following conditions must be satisfied: 

(1) Significant weight savings with no increase in total installation 
cost. 

(2) Significant decrease in installation cost 'ith no appreciable 
increase in weight 

(3) Significant weight savings with significant cost savings. 

The dollar's worth value of a pound of weight saved for the typical four­
place light airplane was calculated versus service life. 

In the fol lowing evaluation of required break-even costs versus materiall 
concept, a $2.00 per pound value for a pound of weight saved was used for the 
light aircraft, based on a 333 hr/yr utll ization rate with an original single­
owner expectancy of 20 years. 

A typical I ight aircraft was used as a baseline against which weights and 
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TABLE IV 

BREAK-EVEN VS ACTUAL FABRICATION & INSTALLATION COSTS 

BREAK-EVEN ACTUAL FEAS I B I L ITY 

MATERIAL G S Sb Cfn Gin Cfn C. BRKEVN ~ ACT mn n Sn In 

I:-ABR. I NSTL. FABR. INSTL. 

SHEAR PANELS 
Sb ; ~Ec/w ; 22 Basel ine Material ; 2024-13 Clad, 

Gib ; Cmb + Cfb ; 0.66 + 5.90 ; 6.56 

AZ31B-H24 1.10 29 .74 8.48 9.58 5.90 7.00 Yes 
Graph i te (±45°) ( 1 .00) 39 .56 12.30 13.30 8.85 9.85 Yes 
Mahogar,y /Pop I ar 2.05 48 .45 14.95 17.00 11.80 13.85 Yes 
Plywood 
1" S-Glass/Epoxy (2.00) 33 .65 9.20 11.20 5.90 7.90 Yes 
3/8" E-Glass/Nylon <0.65 ) 23 .96 6.27 6.92 5.90 6.55 Yes 
S-Glass (±45O) (2.00) 22 .98 4.74 6.74 8.85 10.85 No 

TENSION MEMBERS 
Basel ine Material ; 2014-T6 Extr., Sb ; Ftu/w ; 590 

C
ib 

; C
mb 

+ C
fb 

; 0.97 + 5.90 ; 6.87 

MG Yttrium-T5 (6.00) 820 .72 3.90 9.90 5.90 11.90 No 
Graphite (0°) ( 1 .00) 1870 .32 23.80 24.80 8.85 9.85 Yes 
S-Glass (0°) (2.00) 2880 .20 38.80 40.80 8.85 10.85 Yes 
1" S-Glass/Epoxy (2.00) 750 .79 6.84 8.84 5.90 7.90 Yes 
Sitka Spruce 0.67 626 .94 6.45 7.12 11.80 12.47 No 
Spruce-Staypak ( 1.34) 760 .78 7.66 9.00 11.80 13.14 No 
ZK60A-T5 3.06 682 .86 4.89 7.95 5.90 8.96 No 

COMPRESSION FLANGES 
Base line Mater i a I ; 6061-T6, Sb =..; F Ec/w = 599 cy 

Cib = Cmb + Gfb = 0.44 + 5.90 ; 6.34 

2014-T6 Extr. 0.97 760 .79 7.60 8.57 5.90 6.87 Yes 
1" S-Glass/Epoxy (2.00) 1160 .52 12.00 14.00 5.90 7.90 Yes 
MG yttr i um T-5 (6.00) 852 .70 3.90 9.90 5.90 11.90 No 
Graphite (*) ( 1 .00) 1350 .4-+ 15.95 16.95 8.85 9.85 Yes 
S-Glass (*) (2.00) 955 .63 9.25 11.25 8.85 10.85 Yes 

(*) ± 450, 00, 0° layers 
( ) indicates 1982 estimate 
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TABLE V 

BREAK-EVEN VS ACTUAL FABRICATION AND INSTALLATION COSTS WITH NET SAVINGS FOR FEASIBLE MATERIALS 

X NON-OPTIMUM BREAKEVEN ACTUAL 

Cmn 
Wn Z SPACING JOINTS K 

KnWn 
C fn C in C fn C In 

FEAS I BI L ITY ASpp ASoe SSavi ngs CONCEPT _Ii n 
bL2 (10 ) K, K2 KbWb FABR. I NSTl. FABR. INSTL. 

(2) "1"2 (3) (3) (5) BRKEVN ~ ACT. (6) (7) (4) 

Baseline Material = 2024-T4 Zee, ~ = K, (1<.2) = 1.20 !I.I) = 1.32 + INCREASE + SAVINGS 

C'b = Cmb + Cfb = 1.10 + 5.90 = 7.00 

'Nx/L = 30. Wb/bL2 = (10 
-~ 

) = 5.0 

2024 Honeycomb 0.93 4.6 1.0 1.4 1.4 .977 6.29 7.22 19.20 20.13 No 
IBI Cloth Zee (I) 1.00 3.2 1.2 1.1 1.32 .64 10.95 12.05 8.85 9.85 Yes -1.02 0.72 I. 74 
IBI Cloth Honeycomb 1.45 3.3 1.0 1.4 1.4 .70 9.45 10.85 19.20 20.65 No 
Graphite Zee z(l) 1.00 2.55 1.2 1.1 I. 32 .51 14.65 15.65 8.85 9.85 Yes -2.B7 0.98 3.B5 
Graphite Honeycomb 1.45 2.12 1.0 1.4 1.4 .446 16.75 18.20 19.20 20.65 No 
Graphite Truss Core 1.20 2.2 1.0 1.4 1.4 .467 16.10 17.30 15.00 16.20 Yes 0.90 1.06 0.16 
S-Glass lee 2.00 3.2 1.2 1.1 1.32 .64 10.05 12.05 8.85 10.85 Yes -0.07 0.72 0.79 
S-Glass HoneycOmb 2.23 2.14 1.0 1.4 1.4 .457 15.47 17.70 19.20 21. 43 No 
S-Glass Truss Core 2.40 3.3 1.0 1.4 1.4 .70 8.47 10.87 15.00 17.40 No 

tNx/L = 400, Wb/bL2 (10 
-It 

) = 9.8 

2024 Honeycomb 0.93 11.0 1.0 1.4 1.4 I. 19 No 
181 Cloth Zee 1.00 7.6 1.2 1.1 1.32 .78 8.55 9.55 8.B~ 9.85 No 
181 Cloth Honeycomb 1.45 B.2 1.0 1.4 1.4 .89 6.67 8.12 19.20 20.65 No 
Graphite lee (I) 1.00 3.B 1.2 1.1 1.32 .38 20.70 21.70 8.85 9.85 Yes -4.76 1.24 6.00 
Graphite Honeycomb 1.45 10.0 1.0 1.4 1.4 1.08 No 
Graphite Truss Core 1.20 3.6 1.0 1.4 1.4 .39 19.80 21.00 15.00 16.20 Yes -1).99 1.22 2.21 
S-Glass lee 2.00 5.5 1.2 1.1 1.32 .56 12.10 14.10 8.85 10.85 Yes -1.34 0.88 2.22 
S-Glass Honeycomb 2.23 6.4 1.0 1.4 1.4 .69 8.B7 11.10 19.20 21.43 No 
S-Glass Truss Core 2.40 6.4 1.0 1.4 1.4 .69 8.70 11.10 15.00 17.40 No 

NOTES 
(I) E-Glass (5) Estimated. 

(2) Based on Values from Tables I and D with some modification (6) A$pp = Change In Purchase Price/Lb. of Baseline wt. of component 
where core materials are concerned. 

(7) A$oe = Change In Operating Cost/Lb. of Baseline 
(3) Cw = $2.00/Lb. 

wt. of component 
(41 $Savlnq$ = Net Dollars Saved/Lb. of Baseline wt. of component 

VI 



costs were compared. This airplane utilizes aluminum sheet metal strlnger­
stiffened construction, with a two-spar wing. Its Installation cost per pound, 
Cib ' is $7.00 for an empty weight of 1500 Ibs. 

The maximum breakeven fabrication and installation costs for materlal/ 
concepts used as tension members, shear panels, simple columns and wide col­
umns and compression flanges are calculated in Tables IV and V. In the case of 
wide columns, non-optimum factors due to practical stringer spacing and Joint 
reinforcement are accounted for in calculating breakeven costs. 

Material/Concept Feasabl lity.- The feasibi Iity of the various materlal/ 
concepts is evaluated by comparing the maximum allowable break-even fabrication 
costs with the actual fabrication costs. 

The actual fabrication costs are as foi lows: 

Material/Concept 

Truss Core 
Honeycomb sandwich 
Aluminum zee stringer 
Reinfc'rced plastic zee stringers 
Wood construction 

Cfn ($/Lb. ) 

15.00 
19.20 
5.90 
8.85 

11.80 

Tables IV and V also compare the break-even fabrication costs with the 
actual fabrication costs for the various types of members. 

In the final analysis,those material/concepts deemed feasible are review­
ed from the standpoint of change in purchase price of airplane, change In 
operating costs over 20 year (6667 hr.> period, and the net overall savings 
rea I i zed. 

Fatigue Evaluation.- Existing requirements for the strength of light air­
plane structures are based largely on the concept of "one-time" loading. For 
many years this appeared to be satisfactory)but recently it has been recog­
nized that the margin of safety provided against failure under "one-time" load­
ing may no longer be adequate with respect to the repeated loads which occur 
during the lifetime of the aircraft. A survey of the 1963 GGneral Aviation 
Accident Reports indicates evidence that some airframe failures could be 
attributed to fatigue. 

Whether or not the failures Involved were the result of inadequate pilot 
proficiency, lack of respect for adverse weather, or the result of Inadequate 
inspection and maintenance is of secondary importance. The point is that the 
airplane involved encountered flying conditions which resulted in loads being 
appl ied to the airframe of sufficient magnitude and frequency to cause 
catastrophic fai lure of the primary airframe structure. 
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Fastening Devices and Methods.- Materials may be joined by either 
mechanical means such as riveting, bolting, welding, brazing or adhesive bond­
ing. AI I of these methods may be used TO some degree in aircraft construction. 

Each method was evaluated and presented In the fo~lowing manner: 

(1) A brief description. 

(2) I I lustrations were provided as necessary to clearly define the 
method of construction. 

(3) Typical allowable strengths were given where appl icable 

(4) Some comparisons (Fatigue and Siatic Strengths) were made between 
two or more of the iechniques used. 

(5) Advantages and disadvantages of ~lach method were listed. 

(6) Typical applications in aircraft manufacturing were given for each 
joining process. 

Application of Materials and Concepts 

In this section, several appropriate a;d previously listed potential 
mater I a I s wi I I be app lied to a conceptua I, oJut typ i ca I, I I ght a i rp lane. These 
same material selections and applications would be applicable for other air­
planes of simi lar structural loading magnitudes and manufacturing quantities; 
but the I ight airplane designer is not restricted to these 5ame selections. 
The following discussions wil I make apparent the inter-relationship of such 
considerations as pert0.':nance and configuration specifications, weigh~, cost, 
production rate, and manufacturing method. 

Study Guidel ines.- The Mission Analysis Division of NASA, establ ished the 
guidel ines for the design of a typical General Aviation type airplane to be 
used on the Application Phase of this study. The airplane is a single-engine 
four-pla.:e configuration and is referred herein 3S the "Far Term Airplane". 
The guidelines are fisted in Table VI. 

TABLE VI 
FAR TERM AIRPLANE GUIDELINES 

Performance Accommodations 

Passengers and crew 
Baggage 

4 Endurance 4 hrs. + 30 minutes 

Cab i n vo I ume 

Propulsion 

Maximum power 
Maximum weight 

200 
112 

250 
380 

Ibs 
ft 3 

hp 
Ibs 

Vmaximum 
Vcruise 
Vstall 
Takeoff d I stance/50 ft. 
Minimum rate of climb 
Serv I ce ce I ling 

152 knots @ S. L. 
130 knots @ 5000 ft. 
48 knots @ S. L. 
1000 ft. 
1000 ft. per mi nute 
14,000 ft. 
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Design Justifications.- Figure 6 illustrates the airplane which satisfies 
the contract guidelines. Table VII lists the dimensions and general data. 

Certain major parameta~s were determined by an optimization technique 
developed for the study. These were the wing loading, power loading and gross 
weignt, and hence wing area and instal led power. 

TABLE VII 

FAR TERM AIRPLANE GENERAL DATA 

Gross weight (W) 2850 Ibs. Vertical tai I 
Power (P) 250 BHP Area (S) 18.25 ft.2 
Wing He i gh~· (b) 5.06 ft. 

Area (S) 180 ft2 ASOAC+ ra t i 0 (AR) 1.4 
Span (b) 35.5 ft laper ratio 0.) .5 
Aspect ratio (ARJ 7.0 Root chord (c r ) 57.5 in. 
Taper ratio (A) . 6 Tip chord (Ct) 29.0 in • 
Root chord (cr) 6.338 ft. Mean aerodyn.chord (MAC) 54.7 in. 
Tip chord (Ct) 3.803 ft. Sweep (A) 350 
Mean aerodyn.chord (MAC) 5.173 ft. Ai rfCli I NACA 0009 
Speep @ c/4 (A) 00 
Dihedral (r) 50 Heri zonta I ta II 
Ai rfoi I NFCA 632-A215 Area (S) 40 f+.2 

Span (b) 12.65 ft. 
Aspect ratio (AR) 4.0 
Taper ratio 0'> 1.0 
Chord <constant) (c) 3.16 ft. 

Center of gravity travel 1 )%-30% MAC Sweep (A) 00 
Ai rfoi I NACA 0012 

The material/concepts selected for the various airplane components are 
based primari lyon the results Clf phase! of the Study, and were summarized in 
Tables IV and V. 

Mater i a I / concepts i nvo I v i ng a I um i num a I loys were not incorporated i n ti,~ 
fabrication of the main components. A review of the Phase I indicated the most 
promising composites exhibited superior structural efficiencies. In addition, 
the moldable reinforced plastics showed greater potential over the aluminum, 
from the standpoint of mass production pro~esses which would offer greater 
fabrication cost savir,gs. 

Figure 7 illustrates the wing construction. The material selection and 
the type of molding considered for each of the 202 machine molded, reinforced 
plastic components are as fol lows: The spars, spar sl ices and skins are made 
of compression molded high modulus graphite fi lament/epoxy; the ai lerons are 
made of injection molded E-glass/nylon; the tip fairings and the flap hinge 
fairings are made of hot-formed ABS; and the remainder of the components are 
made of compression molded S-g I ass/epoxy. 

AI I of the above components are then appropriately prepared for bonrling, 
fixtured and secondary bonded to form a right hand and a left hand wing half; 
which are subsequently attached to one another and to the fuselage with 
mechanical fasteners. 
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Two alternate wing construction concepts (designated II and III) were 
considered as possible weight and/or cost savers. Configuration II replaces 
the graphite channel section spar with an S-glass rectangular rigid urethane 
(foam core) section. Also, the graphite skins are replaced with S-Glass skins. 
The resultant weight saving in the spar is exceeded by the weight penalty in 
the skins. See Table VIII. Configuration III is the same as II, except graphite 
is used in place of the S-glass. This concept (i.e.,III) leads to a 10% saving 
in total wing weight and, as wil I be discussed later, a 5% saving in wing 
cost. Both graphite wing construction concepts represent significant weight 
(and cost) savings over conventional sheet aluminum construction, (if the cost 
of graphite can be reduced to $1.00 or $2.00 per pound). 

TABLE VIII - WING WEIGHTS (POUNDS) 

ITEM FAR TERM LIGHT AIRPLANE CONTEMPORARY 
AIRPLANE 

CONFIG. I CONF IG. II CONFIG. III ALUMINUM WING 

Graphite S-Glass Constr. Graphite Constr. 
Constr. Foam Core Spar Foam Core Spar 

Skins 77.3 110.6 17 .3 108.0 
Spars 92.6 82.6 65.1 85.0 
Ribs 26.9 26.9 26.9 26.9 
Stringers 7.0 
Ski n sti ffener 16.5 16.5 16.5 
Ski n sp I ices 8.3 11.9 8.3 
Tip 1.5 1.5 1.5 1.5 

Total 222.3 I 250.0 195.6 227.5 

Fuselage: The fuselage is conventional in size and shape. The overal I 
dimensions include a maximum width of 48 inches, maximum height of 60 inches 
and a length of 232.5 inches. See Figure 8. 

The fuselage utilized both types of composites. The longerons and other 
moment reacting members were made with the continuous fi lament S-glass/epoxy 
material while the 'ow load intensity fuselage shear panels incorporated non­
continuous 1" S-glass/epoxy moldable material. 

The empennage, while treated as primary structure, was nevertheless 
considered to have slightly lower requirements from the standpoint of fatigu~ 
and fracture toughn9ss. For these reasons non-continuous glass, with thermo­
setting resins were ~sed for structure. Three non-continuous fi lament com­
pOSites were considered in Phase I: (1) 3/8" E-glass/nylon 6/10; (2) 1/2" 
E-glass/polyester and (3): 1" S-glass/epoxy. The 1" S-glass/epoxy is the most 
efficient strengthwise, and wi I I be used in the design of the horizontal tai I. 
It is a compression moldable material. The 1/2" E-glass/ polyester material 
although not always more efficent than the 3/8" E-glass/nylon 6/10 exhibited 
higher stiffness characteristics and resistance to environmental conditions. 
It is also a compression moldable material and wi I I be used for the design of 
the vertical tail. 

Figure 10 illustrates the vet"tical stabi I izer design-based on a com­
pression molded reinforced thermosetting plastic (1/2" E-glass/polyester avai I~ 
ble in the industry in .025 thick prepreg sheets). Minimum number of parts are 
characteristics of these concepts. The four-piece stabi lizer and the six-piece 
rud~er are entirely bonded. The rudder design was based on the same material/ 
concept. 
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Figurell illustrates the horizontal tai I design, which is also an all 
bonded construction of glass-reinforced plastic components, pressure molded 
from 1" S-glass/epoxy prepreg composite. 

Table IX tabulates weights and unit weights for the empennage components 
which were comparable or lighter than contemporary sheet metal type construction. 

TABLE IX - FAR TERM LIGHT AIRPLANE EMPENNAGE WEIGHTS 

COMPONENT VERT. FIN RUDDER STAB 

Area (9.18 ft2) (6.66 ft2) (40.00 ft2) 

Material W Weight Total Unit Total Unit Total Unit 

(Lb/in 3 ) Fabrication Lb. Lb/ft2 Lb. Lb/ft2 Lb. ~/ft2 

Nylon 6/10 .051 Inject.mold 14.44 1.58 9.35 1.40 NA NA 
E-glass/polyester .070 Comp.mold 13. 13 1.43 8.50 1.28 NA NA 
l"S-glass/epoxy .062 Comp.mold 11.63 1.27 7.50 1. 13 36.06 0.90 
A I um i num sheet .100 Riveted - 1.47 - 1.10 - 1.07 

Component Cost and Manufacturing Considerations.- The cost analyses were 
I imited to the vertical stabi lizer and the wing. The analyses demonstrated the 
magnitude of the potential savings associated with machine molded/high pro­
duction rate construction concepts. 

End result of the analyses indicates that the vertical stabi lizer manu­
factured at the rate of 100,000 units per year, can be produced at a manu­
facturer's cost of: (1) $13.00 when injection molded of glass/nylon 6-10, or 
(2) $28.45 when compression molded of glass/polyester. These costs are signifi­
cantly competitive with conventional sheetmetal construction. Of prime sig­
nificance is the indication shown in Figure 9,that both injection molded and 
compression molded vertical stabi lizers can be manufactured at a lower cost 
than conventional sheetmetal, even at current quantities. 

$/UNIT 

VERTICAL STABILIZER UNIT COST VS PRODUCTION RATE 

Current Cost-Quanti ty 
150.-______ ~--~----------+---~----~~Conventlonal 

Sheetmetal -----~~--~ 
80% Learning Curve 

I 
Compression 

100~--~~---t~~~~,=~~~--~~~~==~Mo~ld~i~n1g~ 

Injection 

o 500 1000 1500 2000 
UNITS PER YEAR 

Figure 9 
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Wing: The first cost analysis, based on the tapered wing illustrated in 
Figure 7, assumed that each component would be machine molded individually in 
a press of appropriate capacity, considering both the 30-minute cure time for 
current epoxies and an estimated cure time of 15 minutes for future epoxies. 
Referring to Figure12. bars (1) thru (5) represent the above described wing. 
Bar (1), for single-cavity molding and 30-minute epoxy cure time, has a molding 
cost which is 54.2% of the total wing manufacturing cost. Therefore the 
savings in bar (2) are large when the production rate is doubled, by halving 
the current 30-minute cure time. 

Subsequent analyses of the wing based on the use of multi-cavity dies, 
took advantage of the potential savings attainatle with higher prcG0ction rates. 

Bars (3) and (4) represent the same wing as bars (1) and (2), respectively, 
except for the use of multi-cavity tool ing. Examination of bar (4) made 
apparent the high (76%) portion of the wing unit cost represented by the raw 
material. ~bst (82%) of the raw material in bar (4) is for graphite/epoxy at 
$5.00 per pound. Obviously, the unit manufacturing cost of the wing is a 
significant functio~ of the cost of graphite. 

Industry sources have estimated the cost of graphite in fifteen years, 
ranging from $1.00/lb. to $100.00/lb. Bar (5) optimistically charts wing unit 
manufacturing cost for the same wing as bar (4), using $1.00/lb. rather than 
$5.00/lb. graphite. 
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CONCLUSIONS 

General 

This study in\9stigated every aspect of light airplane and helicopter 
design, manufacturing methods, and materials in use or of potential use as 
structural and non-structural components. Significant conclusions drawn from 
the investigation now follow. 

Present hel icopter construction is not different from typical I ight air­
plane construction but hel icopter desig'ers use more of the sophisticated 
techniques common in mil itary aircraft <!'Id commercial transports, such as 
bonding and chamical mi I ling, because weight savings are more important in a 
helicopter than in a light airplane. 

Typical I ight airplane structure consists of relatively large sheet metal 
panels 0.025 to 0.032 inch thick, whereas helicopter fuselages have sma I ler 
panels 0.020.to 0.016 and even 0.012 inch thick, supported by many very light­
weight formers and stiffeners. These I ighter but more elaborate constructions, 
coupled with lower production rates,are conducive to higher airframe costs. 
The average helicopter cost is $30.00 per pound of empty weight, compared to 
$10.00 per pound of empty weight for light airplanes. 

Because of the lower rate of hel icopter production (586 hel icopters versus 
15,747 airplanes manufactured in 1966 - a ratio of 1 to 27), and assuming 
this ratio remains more or less constant, in fifteen years the I ight helicopter 
industry may be manufacturing 3,700 units per year, sti I I below the present 
production rate of the light airplane industry. Consequently the mass pro­
duction techniques visualized for producing 100,000 I ight airplanes may not be 
justified for light hel icopter manufacturing. 

There is no doubt, after comparing hundreds of different materials, and 
discussing the study with leading I ight airplane and helicopter manufacturers 
in the United States, that aluminum sheet metal airframe is here to stay. 
Aluminum is a very readi Iy machinable, formable, and joinable material. It is 
one of the most economi:alj and manufacturing processes, techniques, and 
equipment are at hand. On that basis, it would be unwise to deviate much from 
this. A new material would mean new tooling, a learning period, etc. 

Modern I ight airpla~es and hel icopters are made almost exclusively of 
2024-T3 aluminum al loy. The study indicates some relatively new alloys, such 
as 6061-T6 and 5086-H32, can replace most of the skin material with resultant 
cost savings. Some manufacturers are aware of this. 6061-T6 is used in some 
mode I s by lead i ng aircraft :, al1ufact urers. Wooden construct ion is obso I ete for 
mass produced airplanes. 

Riveting is stil I the easiest, cheapest, and most inspectable way of 
joining two pieces of metal. Two women with an air gun, a buckin~ bar, and two 
hours of training can instal I perfectly acceptable rivets at a rate of 20 per 
minute; and, when the nature of the assembly permits it, automatic riveting 
machines can dril I and squeeze rivets at the rate of 30 per minute with one 
operator. 
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Automatic spotwelding of aluminum sheet metal deserves a very careful 
look. The light aircraft industry Is looking to structural bonding with great 
hopes. The idea is well proven: It works with mi I itary and commer'cial air­
planes. Modern hel icopter blades would not be feasible without metal bonding. 
Light aircraft manufacturers are beginning to use It. 

The pre-priming of aluminum sheets at the ni II might solve, economically, 
one of the biggest problems of bonding surface ~reparatlon. New f~st-curlng 
low-pressure adhesives are eagerly awaited by mo~t I ight aircraft manufacturers. 
Automated, fully-rei iable quality-control devices wi I I make bonding more at­
tractive. Human handl ing should be reduced as much as possible. At present, 
qual ity depends too much on the Individual handl ing of each assembly. The 
advantage of the extensive use of bonding might be emphasized mainly on weight 
savings, (3 to 6 percent of structural weight). Fatigue I ife improvement due 
to bonding Is a wei I known fact, but of I ittle concern to the I ight aircraft 
manufacturer. 

The use of fiberglass prepreg laminates and ultraviolet curing seems the 
most promising technique for lightly-loaded or non-structural parts. This 
concept has been proven in tk; mass production of drones. Just recently, 
several light airplanes made of glass reinforced laminates have reached the 
fl ight testing stage in the United States and Germany. They could be con­
sidered Near Term designs, and if the manufacturing cos r are comparable 
to the sheet metal counterparts, they might lead the way to a revolution in 
I ight aircraft production. 

Considering the raw material cost for a typical four-place airplane Is 
only $ 765.00 (4.5 percent of consumer price), there is no doubt but that 
the only possibi I ity for a radical improvement in price for a Far Term airplane 
wi II be in the reduction of airframe labor cost, rather than reduction of 
material costs. 

I n an op i n i on canvass of lead i ng a I rcraft ma;1Ufacturers, they were a I lin 
agreement that at the present, hand layup fiberglass construction is not 
cheaper than sheet metal construction. To this, can be added the fact that the 
basic raw material (fiberglass fabric (E-Glass) @$2.00 per pound at present) 
is three tim~s more expensive than aluminum sheet metal. This makes the 
success of the al I-fiberglass hand layup airplane very doubtful for the near 
term. 

The Far Term airframe should be an injection or compression molded article, 
using a thermoplastic or perhaps a thermosetting material. The production of 
airplane parts by molding Is not only feasible, but probable; the materials are 
existent; molding techniques and limitations are wei I known. 

Nylon matrixes, reinforced with chopped glass could be used for Injection 
molding components twice the size of a briefcase. The structural efficiency 
number for shear buckl ing is 23 compared with 22 for aluminum sheet. The price 
of reinforced nylons Is $1.64 per pound today, but in fifteen years it may be 
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as low as 65 cents a pound. The time required to mold a part is measured In 
seconds, at the most, one minute. 

Glass-fiber-reinforced epoxy systems with a shear buckling Index of 33, 
cost $4.00/lb at the present and It Is forcast to be only S2.00 In fifteen 
years. Graphlte-fiber-reinforced plastics, sti I I In the development stage, are 
estimated by some of the Industry to be commercially available In fifteen years 
for as low as $2.00 per pound. 

Analysis of the effect of mass production revealed that the Institution 
of automotive-type manufacturing methods could reduce the price of a typical and 
representative light airplane by approximately 48 percent. By using existing 
aircraft manufacturing methods (plus normal evolution) and the classic 80% 
(constant) learning experience, the pI ice of this representative airplane could 
theoretically be reduced to $14,651 on the 100,000th unit. 

The estimated conSUrl'l3r price for the "Far Term" airplane is compared to 
that of a conventional sheetmetal airplane in the table below. This table is 
based on a production quantity of 100,000 units. 

Labor 
Overhead 
Material (structure) 
Material (other) 
Molding Time Charge 
Engine, Propeller, L.G., et~. 

Direct, Sales, G & A 
Manufacturing Cost 
Factory Prof It 
Dea ler Cost 
Dlr. & Distr. Markup 
Estimated Consumer Price 

Sheetmetal 

1290 
1677 
906 
167 

~Q"? "'v __ 

7882 
llil. 

10655 
1066 

11721 
2930 

$ 14651 

"Far Term" (plastic) 

$ 734.62 
955.21 
811.25 
167.00 
258,10 

3842.00 
6768.18 
1211 .92 
798..1.10 
798.01 

8778.11 
2194.53 

$ '1Q972.64 , 

The cost per pound of empty weight for the reinforced plastic airplane 
would be 6.80 $/Ib. and the cost of airframe 3.07 S/Ib. These figur-es are 
nearly 50% of the values quoted on page 3 for present day pro~uctlon airplanes. 
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Recomm~ndatlons for Future R&D Programs 

As a result of this study, various areas are Identified where additional 
research wi I I enhance the possibility of a safer and more useful light aircraft. 
Some of the recommendations fol low directly from the Investigations performed 
during the study, whi Ie others are those suggested by various people within the 
industry. The recommendations are divided into two categories. Those indi­
cated by the study and related to strucTural materials and concepts, and those 
beneficial to other design areas of future light aircraft. No attempt was made 
to rank the various recom~endations. 
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Category I. - Stl"uctural Materials and Concepts. 

(1) Fatigue charact~ristics of panels as related to panel size, rivet spac­
ing, and material thickness. 

(2) Fatigue characteristics of typical repairs on aircraft. For example 
oversize hol~s, patches or splices on spar caps'. 

(3) Materials for landing gear springs. 
(4) Stress corrosion in regard to protection and corrective action. 
(5) A structural adhesive which wi I I cure at room temperature with ,high 

T peel strength (75 Ibs/ln), high shear strength (4500 psi), curing at 
10 psi (vacuum bag) in 10 minutes, one phase, rol led on curtain coating, 
lack of sensitivity' to surfa~e contamination. 

(6) An extruded helicopter blade, which combines heavy sections at the 
leading edge and very thin sections at the tral ling edge. 

(7) Data on fatigue of bonded structures. 
(8) Test data on creep and fatigue of plain laminate and sandwich panels 

with representative fiber orientations. Test laminates to obtain Ftu vs 
~ for various fiber patterns. Also combined loading to confirm biaxial 
strength criteria. 

(9) Mechanical properties of laminates as function of resin and void content. 
(10) Develop aluminum sheet metal with prime coat ready for bonding without 

any further surface preparation except solvent cleaning. The coating 
should provide also corrosion resistance. The coating should be applied 
at the mi I I for low cost. 

(11) Specifications for raw materials, resins reinforcements for composites. 
Standardize test methods, specimens. 

(12) Tests for determining crack propagation characteristics of various 
fiber orientated composite laminates. 

(13) Establ ish design criteria for ~Iastic structural components: Maximum and 
minimum temperatures, humidity,hal I stone,sand and dust erroslon. 

(14) Test data on non-continuous glass reinforced laminates (meChanical 
properties, and environment I Imitations or degradation). 

(15) Test data on compression al lowables of laminate plates and flange 
members for varying width/thickness ratios and also for different 
fiber orientations. 

(16) Tests for determining attachment al lowables in laminate composites 
varying fiber orientations, thickness and edge distance. 

(17) Tests for determining effect of stress concentrations in composite 
laminates under static and sudden loading conditions. Vary thickness 
and fib~r orientation. Also Include bolted attachment configuratIons. 



Category II.- Other Design areas. 

Power Plant.-

(1) Cool ing drag, optimum air inlets and exhcust designs for horizontal 
opposed power plants. 

(2) Methods of reducing propeller noise. 
(3) Design parameters of smal I diampter, multi-blade propellers In 

shrouded ducts. 
(4) Development of ultra-low pitch blade settings for ground roll braking. 
(5) Simple CO detectors and CO elimination. 
(6) Improved fuel injection equipment (mass and flow sensing). 
(7) Engine mounts, with lower frequency having leSs damping for better 

isolation in operating range. 

Systems.-

(1) Improved braking methods. 
(2) Improved flotation of tricycle gears on soft fljlds. 
(3) Survey of landing loads, accelerations, sink speeds, etc. to 

determine if a more real istic design criteria is required. 
(4) Oxygen systems for high altitude unpressurized aircrafts. 
(5) De-icing of inlets, leading edges and control surfaces. 
(6) Simple, inexpensive air conditioning system. 
(7) A simple fuel system design, which would bleed fuel from wing tanks 

simultaneously to eliminate "fuel management", as required with 
present systems. 

(8) More experimenTal data on crashworthiness of I ight airplanes and 
revised design requirements. 

(9) More VGH data for fatigue evaluation of light airplanes. Perhaps 
FAR 23 should be subdivided according to type of operation (commercial 
survey, training etc.) or perhaps another subdivision should be made I 
3t 6000 Ibs. gross weight. ( 

Manufacturing.-

(1) Autom2ted plexiglass forming. 
(2) A 'core material for hoi low laminated parts, which can be easi Iy remove~ 

(for instance water soluble). 
(3) A better bagging material for laminate fabrication than the presently 

used PVA, (should be reusable). 
(4) Establish processing techniques for Ultra Violet curing of plastics. 
(5) An improved casting process to yield thinner walls and greater 

precission in the manufacturing of piston engine cyl inders. 
(6) Develop manufacturing techniques, tools, and establ ish design criteria 

for compression and Injection molding of very large glass reinforced 
moldings and laminates. 
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Aerodynamics.-

(1) Control surfaces hinge moments experimental data. 
(2) Additional basic data on laminar flow airfoi Is Including effects of 

various types of moveable surfaces. 
(3) Effects of different leading edge shapes on laminar flow airfoi Is. 
(4) Improved effectiveness of vertical tai Is. 
(5) T-tai I characteristics. 
(6) Nacel Ie shapes and locations for pusher engine instal lations. Also 

effects of wing and flaps on propeller. 
(7) Flight path control with flap and power modulation. 
(8) Simple methods of stability augmentation. . 
(9) Data regarding spoi lers and vortex generators. 

(10) Additional data on stal I and section characteristics at low Reynolds 
numbers. 

(11) Minimizing pitch changes with gear, flap and power changes by 
changing vertical placement of horizontal tal Is (ful I scale wind tunnel 
tests) • 

(12) Variable stabi lity for production airplanes, heavy In cru'se and light 
In low-speed fl ight. 

(13) Means of getting usable C.G. ranges of 10 to 40% MAC. with reflexed 
airfol Is, upward floating ailerons or flaps. 

(14) Drag reduction of tricycle landing gear. 
(15) Improvement in handling qualities at 1.1 Vs In lEnding approaches. 
(16) Use of canard surfaces for supplemental longitudinal control. 
(17) Practical methods of eliminating adverse yaw in low-speed airplanes. 
(18) Summary of NASA-NACA data appl icable to stabl I Ity and control design 

for personal airplanes. 
(19) Stabi lator design for minimum pitch change with power and flaps. 
(20) Improvement of spiral stability with upward floating ailerons. 
(21) Condensed bibliography listing si~nlflcant reports and summary repor1's 

from the beglnr.lng of NACA. 
(22) Bibliography of STOL and high 11ft reports. 
(23) Up-dating of many reports regarding alrfoi I data and structural data 

to take advantage of present state of the art. 
(24) A method of automatic flight control from take-off to la ... d!ng as 

app'lled to general aviation. 
(25) Span load aistributlon for wing tips or va~lous planforms and various 

section shapes. 
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